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Outline:

• History (WMAP)
• Spinning dust
• Haze 

• Digression on particle physics (i.e. why is the    
haze important?)

• The Future (Planck)
• Refine the haze spectrum
• Are the 2 FDS99 dust components “real”
• New dust map (Akari, Planck, etc.)



WMAP launch,
June 30, 2001

1. History



WMAP fulfilled its 
cosmological 

promise...



WMAP Q band (41 GHz)

... but missed a few things about 
foregrounds



For optimal modeling, a sophisticated technique
is useful.

For discovering the unexpected, a simple 
(i.e. completely understood) technique may be better. 

The WMAP team was primarily interested in CMB
cosmology (obviously!) and tended towards

the sophisticated. 

I was interested in pushing knowledge of 
foregrounds, and opted for simplicity.



The simplest possibility is a multilinear regression
with externally derived templates.



Interstellar Dust from IRAS, DIRBE (Finkbeiner et al. 1999)
Map extrapolated from 3 THz (100 micron) with FIRAS. 



Ionized Gas from WHAM, SHASSA, VTSS (Finkbeiner 2003)
H-alpha emission measure goes as thermal bremsstrahlung. 



Synchrotron at 408 MHz  (Haslam et al. 1982) 





There is also “spinning dust” emission,
i.e. electric dipole emission from rapidly 
rotating small dust grains.

This emission is spatially (very approximately)
similar to the thermal dust, but spectrally different.
 
(Kogut et al 1996; Draine & Lazarian 1998;
de Oliveira-Costa et al., 1998,1999,2000,2002,2004;
Finkbeiner et al. 2002, 2003, 2004, etc...)
Casassus et al. (2006) Davies et al. (2006) Dickinson et al (2006)
Rafikov (2006) Boughn & Pober (2007) Dickinson et al (2007) 
Scaife et al (2007) Dobler & Finkbeiner (2008)
Miville-Deschenes et al (2008) 

Theoretical work by Ysard & Verstraete;  Ali-Hamoud & Hirata, etc...



The status of spinning dust was quite uncertain
in early 2003, at the time of the 1st year WMAP
data release.  We had:

Kogut etal (1996)  - DMR 31 GHz
de Oliveira-Costa etal (1998) - Saskatoon 30,40 GHz
Leitch etal (1997)  - OVRO 14, 31 GHz

These led to the Draine & Lazarian (1998) model. 

My involvement began with the GB 140 foot data
on two clouds (2002) and the GB Galactic Plane
survey with Langston & Minter (2004). 



Green Bank Survey
Longitude 30 slice

Finkbeiner, Langston, & 
Minter  (2004)

8.35 GHz

14.35 GHz
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My opinion was that the GB 8 & 14 GHz survey
nailed the problem, and that spinning dust (or 
something very much like it) was real. 

The null hypothesis was dead. 

Imagine my surprise when...





As it turns out, L1622 appears in WMAP also:



Lynds 1622 spectrum (Finkbeiner 2003)

Dominates by
factor of 20
(atypical) 



In the end, we found spinning dust emission 
looked pretty much as expected.  

More recently, we noticed that spinning dust 
also appears in the WIM:

(Dobler & Finkbeiner 2008; 
Dobler Draine & Finkbeiner 2008)







We have seen what looks like Draine & 
Lazarian spinning dust in both the CNM and
the WIM.  

The story is somewhat subtle; Greg Dobler
can tell you more in December.

Bottom line:  the dust spins, and refined measurements
of spinning dust emission in the future may be a 
useful probe of the conditions in the ISM. 



Galactic emission over most of the sky is well
modeled by those 4 components. 

In the inner Galaxy (inner 25 deg / few kpc)
there is an additional microwave component
that is spatially different from the other 4.

We call this the “Galactic Haze” because of
its smooth appearance. 
 
(Finkbeiner 2004; 
Hooper, Dobler, Finkbeiner 2007)
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Why model the haze as a separate 
component?

It appears to have a “concave - up”
spectrum.  Synchrotron from SN shocks
should not (in general) do that. 

As an illustration, we computed synchrotron 
from 2000 SNe in the inner few kpc, with 
usual diffusion and energy loss terms:

(Dobler & Finkbeiner 200[8|9])









Conclusions from that exercise:

1. A power law is not a good description of 
synchrotron at high frequencies

2. The spectrum should get steeper (softer) 
at higher frequencies. 





The synchrotron spectrum in the inner 
MW appears to be concave up. 

This implies another separate source of
electrons (other than SN shocks) with 
a harder spectrum. 

Because the cooling time is fast (500,000 yr)
the source must be spatially distributed. 





Questions:
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Questions:

1.  Is the haze just free-free?
No.  The observed Halpha and ROSAT X-rays 
are not enough to explain the required EM.

2.  Are there just more SNe in the GC?
Yes, but more SNe -> more synch, not harder

3.  Is it diffusion hardening / Gal winds?
Everett et al. (2008) estimate 5x106yr for CR 
escape, but cooling time is 5x105yr. 



Nevertheless, all these statements would be more 
precise with better data. 

The CMB Cross-correlation bias is the dominant 
concern. 

(Any one realization of the true CMB has correlations 
with the true foregrounds, even though the “average 
Universe” does not)

The superior frequency coverage of Planck mostly 
breaks these degeneracies, measuring the haze 
spectrum a factor of 10 better. 
(Dobler & Finkbeiner 2008)



Why is this so important
to get the haze right?

Are there other 
indications of WIMP 
annihilation?



The HEAT positron excess





It is often said you need a “boost” of 10-50 to 
explain HEAT, etc. 

However, if you go straight to muons, save factor of  3. 
XDM gives 2 phis for 2 chis - factor 2. 

positrons come out in just right energy range - 
factor of few. 

You could also get a big Sommerfeld enhancement
(more on that later)



The EGRET excess
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The INTEGRAL 511 keV excess



Let’s consider the 511 keV line / continuum from 
positron annihilation, observed by many balloon
and satellite experiments, most recently CGRO/OSSE
and INTEGRAL / SPI (Weidenspointner et al., 
Knoedlseder et al. ...)

The unexplained excess is roughly a 6 deg FWHM
Gaussian with a total of 
3x1042 pairs/s = 3x1039 GeV/s = 5x1036erg/s
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   Integral / SPI: (spectrometer)
•Energy range: 20 keV - 8 MeV
•Detector area: 500 cm2 
•Field of view: 16 deg (fully coded)
•Angular resolution: 2.5 deg FWHM
•Launched: 2002 Oct 17
•Still operating...



Normalized to the Haze (with NFW profile)
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With this spectrograph, one can look at the 
1.8 MeV 26Al line, the 511 keV e+e- line, etc. 

26Al traces massive star formation (i.e. SNe)
half life is ~ 106 years.



Normalized to the Haze (with NFW profile)
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•Most (92+-8%) of the positrons form positronium (Ps, 
an e+e- atom) before annihilating. (Weidenspointner 2006,2007)

•3/4 are ortho-Ps and annihilate to 3 photons
•1/4 annihilate to 2 photons (511 keV line)
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Fig. 2. A fit of the SPI result for the diffuse emission from the GC re-
gion (|l|, |b| ≤ 16◦) obtained with a spatial model consisting of an 8◦

FWHM Gaussian bulge and a CO disk. In the fit a diagonal response
was assumed. The spectral components are: 511 keV line (dotted),
Ps continuum (dashes), and power-law continuum (dash-dots). The
summed models are indicated by the solid line. Details of the fitting
procedure are given in the text.

has been applied to spectroscopy of an extended sky source ob-
served with the SPI instrument. As an aside note, we wish to
warn the interested reader that we found the original Ps contin-
uum model in XSPEC, POSM, to be incorrectly implemented.
We developed and tested a new implementation of the Ore &
Powell (1949) spectral shape of Ps continuum emission, which
will be included in subsequent releases of XSPEC.

The data selected for this portion of our analysis comprise
a subset of the total data presented in this paper. Observations
were selected for inclusion in our spectral fitting when the
SPI telescope axis was aligned with the GC to within an an-
gular offset of 16◦ (the extent of the nominal fully-coded SPI
field-of-view). This resulted in a total of about 750 spacecraft
pointings (Science Windows), totalling ∼1.7 Ms of live time,
being used in this analysis.

The full SPI instrument response, including diagonal plus
off-diagonal matrix elements, was then computed, according
to the methodologies described in Sturner et al. (2003), for
each SPI detector for each selected instrument pointing for
each of our grid points spatially sampling the bulge region.
Specifically, we computed the response for a 21-point raster
at (l, b) = (0◦, 0◦), (±4◦, 0◦), (0◦,±4◦), (±8◦, 0◦), (0◦,±8◦),
(±4◦,±4◦), (±8◦,±4◦), (±4◦,±8◦).

The data were then simultaneously fitted to the physical
model described above – 511 keV line, Ps continuum, and
power law – and the 3-component background model described
in Sect. 2. The background model in this case was parame-
terized so that small (±10%) variations were allowed for the
normalization terms of each component in each energy inter-
val, using the results of model fits (as decribed in Sect. 3.2)
to initialize the background model parameters. In practice we
found that the background modelling worked quite well, with
the best fit solutions typically corresponding to normalization
terms within ±1% of unity.

We then made the assumption that the net flux consists of
additive contributions from the two spatial models discussed

in Sect. 3.3.1, i.e. the Gaussian and CO distributions of spa-
tial model G8CO. The spectral model was then applied to the
SPI instrument response function twice at each spatial raster,
with a normalized, relative, weighting factor based on both the
Gaussian and the CO distributions. This leads to a data space
which scales as: (number of SPI pointings) × (number of de-
tectors) × (number of spectral channels). This number is then
multiplied by (number of spatial rasters) × (2 spatial distribu-
tion models) to give the number of individual response matrices
applied to the spectral model for the χ2 minimization problem.
This leads to ∼750× 19× 6 × 21× 2 ∼ 3.6× 106 folded-model
calculations per iteration step of the χ2 minimization proce-
dure. Specifically, we used the XSPEC “FLUX” command and
the best fit parameters of each individual model component to
integrate over the covered energy range.

The parameter space was constrained as follows. The cen-
troid and width of the positron annihilation line were fixed
at 511 keV and 2.5 keV FWHM, respectively, as in our first
analysis (see Sect. 3.3.1). We fixed the power-law photon in-
dex α to a value of 1.75, but allowed the amplitude to vary by
about a factor of 4 relative to that obtained in our first analysis
described above. Otherwise, the model parameters – specifi-
cally the Ps continuum and Gaussian line normalization terms
– were allowed to vary freely in the χ2 minimization. These
two normalization terms were varied separately with respect to
the two spatial distributions, but linked from grid point to grid
point within a given spatial model. This leads to 6 free physical
model parameters (3 normalizations for each of the 2 spatial
models), in addition to the 18 background model parameters
(3 parameters in each of the 6 energy intervals) for the over-
all fit.

We obtained a Ps continuum normalization of (3.11 ±
0.56) × 10−3 ph cm−2 s−1. Combined with the inferred
Gaussian line component normalization of (9.35 ± 0.54) ×
10−4 ph cm−2 s−1 we obtain a Ps fraction of fPs = 0.92 ± 0.09.
The normalization of the power-law component, rescaling the
XSPEC result to the power-law function defined in footnote 6,
is (3.79+1.66

−1.25) × 10−6 ph cm−2 s−1 keV−1. Thus over the range
of our data, the power-law component contributes approxi-
mately 6% (and possibly as much as 14%) of the continuum
flux based on our model fitting. If we allow the power-law in-
dex to vary freely, the resulting power-law flux remains within
the confidence interval above; hence our conclusion regarding
the flux contribution of the power-law component is robust. The
background normalization terms, as noted, were within 1% of
unity. The χ2

ν value obtained was of order unity; specifically,
using the full 1.65 Ms of the data selected for this analysis,
a χ2 per degree of freedom of 99065.1/86289 ≈ 1.15 was
achieved. The uncertainties for a given parameter, specifically
the line and Ps continuum fluxes and the power-law normaliza-
tion, were derived by varying the parameter within its allowed
range. At each step, the other free parameters are allowed to
vary until the fit statistic is minimized, determining the 1σ con-
fidence region for each parameter (specifically, this is accom-
plished using the “ERROR” procedure of XSPEC v12). We
note that the uncertainty in the Ps fraction includes both the
variances and the covariances of the 511 keV line and Ps con-
tinuum fluxes in the variance-covariance matrix of the fit.

Weidenspointner (2006)
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Fig. 1. A Richardson-Lucy sky map of extended emission in the summed Ps analysis intervals (the combination of the intervals 410–430,
447−465, and 490–500 keV). The contour levels indicate intensity levels of 10−2, 10−3, and 10−4 ph cm−2 s−1 sr−1. Details are given in the text.

above about 300 keV, and since we are analyzing rather nar-
row energy intervals above 400 keV the fact that we do not
yet detect them is not surprising. We therefore conclude that
the point sources found by us using SPIROS are all spurious,
resulting from SPIROS’ attempt to account for intrinsically dif-
fuse emission with a set of point sources.

3.2. Model fitting

A more quantitative approach for studying the Galactic dis-
tribution of the observed extended emission is model fit-
ting, which we performed using a maximum likelihood multi-
component fitting algorithm (Knödlseder et al. 2005) outlined
in Sect. 2.

We first modelled the emission in the three summed
Ps analysis intervals4 by an ellipsoidal distribution with a
Gaussian radial profile and determined the best-fit centroid
location (l0, b0) and extent in Galactic longitude and latitude
(FWHMl, FWHMb). We then combined this Galactic bulge
model with one of two models for emission from the Galactic
disk: both HI (Dickey & Lockman 1990) and CO (Dame et al.
1987) distributions are tracers of Galactic matter and are be-
lieved to correlate with diffuse emission (cf. Harris et al. 1990;
Kinzer et al. 1999; Strong et al. 2004). The results of these fits
are summarized in Table 1. In each of these fits, the Crab and
Cygnus X-1 were included as steady point sources whose in-
tensities were fitted. When including the four highest-energy
sources reported by Bouchet et al. (2005) the quality of the fits
is only slightly improved and the fit results do not change sig-
nificantly; therefore these point sources were excluded from the
final analysis.

As can be seen from Table 1, the centroid of the bulge
emission is the same within errors for all three models. There
is marginal evidence for a slight offset of the centroid from
the GC, but it is of a magnitude that could easily result from

4 Results for the individual energy intervals are consistent within
statistical uncertainties.

the combined effects of statistical and systematic biases in the
background model (indeed, there is a similarly marginal, but
opposite, offset of the centroid in the 511 keV line emission;
Knödlseder et al. 2005). The extent of the bulge emission, and
its flux, do depend on the sky model. If the extended emission
is modelled by a bulge component only, then there is marginal
evidence for the bulge emission to be more extended in lon-
gitude than in latitude (the ellipticity ε ≡ FWHMb/FWHMl

deviates by about 1.5σ from unity). However, inclusion of a
Galactic disk component improves the fits, with the signifi-
cances of the HI distribution and of the CO distribution being
about 2.8σ and 4.0σ, respectively, favouring the latter. Another
reason to adopt the CO distribution as the better disk model
of the two is the fact that the resulting total sky flux of about
(2.8±0.5)×10−3 ph cm−2 s−1 agrees well with the value of about
2.5 × 10−3 ph cm−2 s−1 determined with SMM5 in the Ps anal-
ysis intervals, whereas the total bulge and HI disk model flux
of (5.4 ± 1.5) × 10−3 ph cm−2 s−1 is only marginally consistent
with the SMM spectrum of Harris et al. (1990).

Inclusion of a Galactic disk component in the fits also ren-
ders evidence for ellipticity of the bulge component insignif-
icant. The bulge shape is consistent with circular symmetry,
with a FWHM of about 8◦, in agreement with our results for the
511 keV line (Knödlseder et al. 2005). As is the case for the an-
nihilation line, the extent of the Ps continuum bulge emission
is slightly larger than that derived by Kinzer et al. (2001) from
OSSE observations. However, the difference is not very signif-
icant, and it is possible that there is bias in the OSSE analysis
favouring a smaller bulge extent (Kinzer et al. 2001).

The fluxes that are attributed to the disk components exceed
the bulge flux by factors of 2−4 (see Table 1). However, since
the disk flux is distributed over a much larger sky region, the
corresponding surface brightness is much lower. The model fits
therefore confirm the mapping result: the intensity of extented

5 The Gamma Ray Spectrometer on board the Solar Maximum
Mission (Forrest et al. 1980).

(2006)
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•The positronium signal is centrally concentrated.
•There is a disk component, but much fainter. 
•The disk component is roughly what we expect from 
SNe Ia; the bulge component is 10 times brighter than 
expected. 

•Kalemci et al (2006) find positron escape fraction is 
too low anyway. 

•There is a recent suggestion that LMXBs could do it 
(Low-mass X-ray binaries)
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Weidenspointner et al. (2008)   Integral signal (top) and LMXBs (bottom)
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There is a lot of evidence for electronic activity from 
HEAT, EGRET, WMAP, and INTEGRAL. 

Recently the HEAT result has been improved greatly 
by PAMELA...

PAMELA data have not been released, so we must rely 
on the astro-paparazzi...
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Courtesy Mirko Boezio
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The HEAT signal as been tantalizing for several years, 
but with PAMELA the rise in the positron fraction is 
now very pronounced. 

This is a serious challenge to most production 
mechanisms, even pair production cascades in 
pulsars...
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If we want to figure out what is going on, we should 
start at the highest energy scale and work down...

The highest energy scale would be... ATIC!
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ATIC = Advanced Thin Ionization Calorimeter
Preliminary data from 2005:



JPL

ATIC = Advanced Thin Ionization Calorimeter
Preliminary data from 2005:



JPL

ATIC = Advanced Thin Ionization Calorimeter
Preliminary data from 2005:
There is a bump at several hundred GeV !!
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Suppose we take the bump seriously and attempt to 
explain it with a WIMP. 

The WIMP mass must be in the ~ 800 GeV range.

A WIMP must produce equal numbers of 
e+ and e-

 PAMELA constraint is critical!
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Toy model:

~800 GeV WIMP, goes directly or indirectly to 
SM particles.  What cross section do we need
for ATIC?

What does this give for PAMELA?
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Plot courtesy of Ilias Cholis
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Plot courtesy of Ilias Cholis
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What about muons?
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Toy model:

So an 800-900 GeV WIMP works well for both
ATIC and PAMELA. 

But the “Boost Factor” i.e. the cross section 
enhancement relative to the thermal relic < sigma v>
is ~ 150. 

Should we be alarmed by this?
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Two problems:

1.  Such a large cross section cannot be obtained for 
“ordinary” annihilation channels straight to SM 
particles.   < sigma v> must be at least as large at 
freeze-out and the WIMP density is too low.

2.  Even if the cross section is 100 x higher than 
previously thought (by some mysterious mechanism), 
the 0 gammas are too bright.
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But...

1. The 0 gamma problem is solved if the WIMP 
annihilates through some new light state, , that then 
goes to e+e- or µ+ µ-.  

2. The existence of  gives rise to an attractive 
interaction (via  exchange) that enhances the cross 
section 
--- Sommerfeld enhancement. 

How large is the Sommerfeld enhancement?
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vrms=150 km/s
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Large Sommerfeld enhancement is possible. 

Also, subhalos become more important.  The 
enhancement goes ~ 1/v so at low v (up to /m

2), so 
substructure contributes to annihilation more than 
we thought. 

Are other annihilation channels possible?
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(from Cholis et al. 0809.1683)

Just from PAMELA spectrum alone we see:
Decays to leptons OK;  W, Z, b are bad. 
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Large Sommerfeld enhancement is possible. 

Also, subhalos become more important.  The 
enhancement goes ~ 1/v so at low v (up to /m

2), so 
substructure contributes to annihilation more than 
we thought. 

Conclusions so far: ATIC + PAMELA argue
for a WIMP with mass ~ 800-900 GeV, which 
annihilates via a new light state, , with a cross section 
enhanced by its coupling to the .  

Is the amplitude of the WMAP haze ok?
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Yes.
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So far, we have explained most of the excess 
electronic activity with one simple idea.  Can we also 
explain INTEGRAL 511 keV line?

XDM - “eXciting dark matter”
(Finkbeiner & Weiner 2007)

Note:   The mechanism I am about to present is an 
existence proof.   

Other theories could exist which give a similar 
phenomenology.



The XDM Lagrangian includes:
- , a scalar which mediates the scattering 
-  (“ground” state) and * (“excited” state)
- -, the inelastic coupling,
- +, the elastic coupling, and
- XDM, the mixing of the  with the lightest Higgs.
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Other details:

 boson has mass of ~ 10-1000 MeV, 
correct cross-section for scattering (~ 10-26 cm2)

BBN results are unchanged.  

Interactions between ,  keep  in thermal 
equilibrium until freeze-out; no change to thermal 
relic calculation (other than we have 2 species!)

Weak-scale annihilation cross section gives correct 
density to be the DM (determined by gauge coupling)
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Excitation arises from exchange of relatively light 
boson, so naturally has larger cross section than 
annihilation
(which is suppressed by the large WIMP mass)

ann / scatter ~ 10-5

 / M ~ 10-5

This feature is essential if XDM is to explain both
the haze and the 511 keV line.

So, how does the model compare to INTEGRAL?
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Why is there only ~ one parameter to tune?

The mass of the  along with some other (not fine-
tuned!) couplings determines both the scattering
cross section AND the  mass splitting. 

This is a very appealing feature of the model.

We use a fairly large coupling constant (0.18)
which requires resumming the ladder diagrams,
but gives a nice cross section without violating the
unitarity bound. 



Simplest model:

~NFW DM density profile in Milky Way
100 GeV particle mass
Annihilation through several SM channels
< v> = 2 x 10-26 cm3/s (thermal relic Xsec)
10 microGauss field
This extremely simple model gives roughly 
the right power, spectrum, and spatial 
distribution. 

 



Solve the diffusion energy-loss equation in spherical 
coordinates:



Hooper, Finkbeiner, & Dobler (2007) arXiv:0705.365





Bottom line:

If DM is a WIMP, and
If the WIMP is a thermal relic, and
If s-wave annihilation is not too subdominant, then

the WIMP should produce a synchrotron signal with 
the amplitude, shape, and spectrum of the WMAP 
haze.

If true, this is the most important discovery of WMAP. 
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Conclusions (from WMAP):

WMAP data are consistent with the Draine & Lazarian 
(1998) spinning dust model, and inconsistent with the null 
hypothesis of no spinning dust. 

Even including spinning dust in the fit, there is still too 
much emission in the center (the haze) and its origin 
involves either exotic astrophysics or new physics. 
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FDS99:  simple idea

No one power-law component fits the FIRAS
data. 

Try two components with different power laws, 
different optical / microwave opacity ratios. 

Fit 4 parameters over the full sky (not per pixel)
 for dramatic reduction in chi-squared.

This is a good description of the data, but does
it correspond to reality?  i.e. does emission from 
two components actually dominate?
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With much better angular resolution than IRAS,
we get a sharper map and better point source 
removal. 

More bands -> better temperature correction. 

We can replace SFD with a better extinction map,
and better foreground estimation tools. 

Combining with Planck high-frequency channels
probably improves further...
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